Tunichlorin, a blue-green pigment isolated from the Caribbean tunicate Trididemnum soidum, has been identified as nickel(H) 2-devinyl-2-hydroxymethylpyropheophorbide a by chemical and spectroscopic methods, with confirmation by partial synthesis of dirmethyl tunichlorin from chlorophyll a. Nickel chlorins have been reported from geological sources but not from living organisms. Its occurrence in a living system suggests a metabolic role for tunichlorin and may clarify the selective accumulation of nickel by marine tunicates. Because Trididemnum tunicates are associated with algal symbionts, tunichlorin may arise directly from the tunicate, from symbiotic algae, or from tunicate modiflication of an algal chlorin.
Until the mid-1960s, nickel was viewed as a toxin with no significance in metabolic processes (1) . It has since been found necessary for optimal activity of several enzyme systems (1, 2) and has been identified as an essential micronutrient for microorganisms (1), higher plants (2) , and animals, including humans (3) .
Although there is much interest in the chemistry and specific function of nickel within enzyme systems (1), they remain poorly understood. Factor F430 (1, 4), a yellow porphynoid pigment associated with methanogenic bacteria, has recently been found to be bound to methyl coenzyme M reductase and to be involved in the final reduction step in methanogenesis. No other fully characterized nickel compounds have been shown to participate in enzymatic processes, although several enzyme systems contain nickel (1) .
The selective accumulation of metals (e.g., vanadium, iron) by marine tunicates (ascidians) has been studied for many years (5) . Identification of tunichrome B-1 (6), a labile polyphenolic compound implicated in tunicate vanadium sequestration, provided the first real understanding of metal sequestration and accumulation in tunicates. Recently, marine tunicates have been shown to accumulate nickel selectively and to contain fixed nickel/cobalt ratios (7), suggesting a metabolic role for the two micronutrients in tunicates.
This report describes tunichlorin (Structure 1), nickel(II) 2-devinyl-2-hydroxymethylpyropheophorbide a, isolated from the Caribbean tunicate Trididemnum solidum (family Didemnidae). Tunichlorin appears to be the second nickel porphynoid reported from a living system (see F430 above) and the only nickel chlorin yet isolated from a living organism.
MATERIALS AND METHODS Chromatography. HPLC separations were conducted with Beckman and Waters HPLC pumps and UV detectors (254 nm) and Altech, Waters, and DuPont preparative and semipreparative HPLC columns. TLC was done with both silica gel and reversed-phase (RP) C18 precoated glass plates (0.25 mm; Merck) containing UV indicators. Column chromatographic separations were parried out by using 0.05-to 0.2-mm mesh silica solid support (Brinkmann) and methanol, chloroform, hexane, and ethyl acetate mobile-phase mixtures.
Spectroscopy. 1H and 13C NMR spectra were recorded on Varian, Nicolet, and General Electric Fourier transform NMR spectrometers at 200, 300, 360, 400, and 500 MHz; typically, "100%o" C2HC13 was used as a solvent. Mass spectra were obtained with VG 70 SE and ZAB SE mass spectrometers in the fast atom bombardment ionization mode with a dithiothreitol/dithioerythritol (5:1, vol/vol; "magic bullet") matrix (8) . Electronic absorption spectra were obtained on a Perkin-Elmer Lambda-3 UV-VIS absorption spectrometer, with spectroscopic grade methanol, chloroform, and dichloromethane as solvents. IR spectra were obtained with a Perkin-Elmer model 30S FTIR spectrophotometer; samples were examined neat after application to a thin-film cell. Optical rotatory dispersion (ORD)-CD spectra were recorded in methanol on a JASCO J-20 ORD-CD spectrometer.
Tunicate Collection and Tunichlorin Isolation. The tunicate classified as Trididemnum solidum (9) was collected by scuba techniques at -10 to -40 m off St. George's Cay, Belize, Central America, and preserved in isopropyl alcohol until work-up. Preserved tunicate (-82.6 kg) was homogenized, in batches, in a Waring Blendor with isopropyl alcohol preservative (82.6 liters) and methanol/toluene (=296 liters; 3:1, vol/vol). The homogenates were filtered, combined with 1.0 M sodium nitrate (132.2 liters), and allowed to partition between aqueous (larger) and toluene (smaller) fractions.
The aqueous layer was then extracted with dichloromethane, and the organic solvent was removed at reduced pressure. The residue (148.7 g, 0.18%) was subjected to normal-phase preparative HPLC [silica gel, 0-40% MeOHCHCl3 (vol/vol) elution with CHCl3/MeOH, 3 (11)] in 3% methanolic sulfuric acid (3 ml) was stirred in the dark under nitrogen at 22TC for 22 hr (10, 11) , diluted with chloroform (2 ml), washed with water (3 X 2 ml), and purified by silica gel column chromatography to give 9 (80 mg; 92%) (11) : LRFABMS m/z 607 (M + H).
Methyl Pyropheophorbide a (Structure 10). A solution of 9 (80 mg) in collidine (3 ml) was stirred in the dark under nitrogen at 1650C for 100 min, evaporated to dryness, and purified by silica gel column chromatography to give 10 (75 mg; 93%) (11 (14) . The similar intensities of the UV and visible absorption maxima confirmed the reduced form ofat least one of its four pyrroles (14) . The split "Soret" band, diagnostic of an isocyclic cyclopentanone (E) ring (14) , suggested a porphynoid system similar to that of chlorophylls a (7) and b (14) .
Dinethyl Tunichlorin (Structure 2). Because purification of underivatized tunichlorin was arduous and decomposition was rapid even with low-temperature storage under nitrogen, structural work was carried out on the more stable and more easily purified methanolysis derivative. The major methanolysis product 2 showed FABMS ions at m/z 623 (+ ion) and 621 (-ion) and an M + H ion (HRFABMS, see above) consistent with the formation of two methoxyl groups during methanolysis. This suggested at least two carboxyl or reactive alcohol functionalities, as in dimethyl tunichlorin (2) .
The presence of nickel, originally suggested by mass spectral data, was confirmed by atomic absorption spectroscopy (0.9-mg sample: observed, 8.1% Ni; calculated, 8.9%o) and by demetalation and remetalation of 2 (see above).
The absorption spectrum of 2 is indistinguishable from that of unmodified tunichlorin, indicating that methanolysis had not disrupted the extended aromaticity of the tunichlorin porphynoid nucleus. 13C APT (attached proton test) (Fig. 1) and DEPT (distortionless enhancement by polarization transfer) spectra of 2 show the presence of 34 carbons (ketone, carboxyl, and 15 other quaternary carbons; three aromatic and two aliphatic methines; four methylenes and one oxymethylene; five methyls and two methoxyls).
The 1H NMR spectrum of 2 ( Fig. 2) is typical of a chlorin (13) . The appearance of only three downfield methine peaks (1 H each) suggests that one of the compound's four bridging methines is functionalized, consistent with an isocyclic cyclopentanone (E) ring. The 9.31, 9.13, and 8.17 ppm peaks were assigned as f3, a, and 6, respectively, on the basis of deuterium exchange (11) and by analogy to NMR spectra of known chlorophylls (11, 13 ). An AB quartet centered at 4.82 ppm ( A quartet at 4.28 ppm (1 H), coupled to the doublet at 1.56 ppm (3 H), indicates a CHCH3 unit (Scheme I). The multiplet at 4.00 ppm (1 H), coupled to the multiplets at 2.13 and 2.26 ppm (1 H, 2 H), and the coupling of the multiplets at 2.43, 2.26, and 2.13 ppm (1 H, 2 H, 1 H) suggest a CHCH2CH2 unit (Scheme I). These data and the appearance of the 4.00-and 4.28-ppm multiplets characteristic of H-7 and H-8 of chlorophyll a (13) confirm the presence of a reduced D ring as in chlorophyll a. Moreover, irradiation of the 4.28-ppm proton showed nuclear Overhauser effect (NOE) enhancement of the 6 proton at 8.17 ppm.
Five sharp singlets between 3.00 and 4.00 ppm suggest three aryl-substituted methyls as well as two methoxyls added during methanolysis. The 'H NMR spectrum of deuteriomethanolysis product 3 lacked the two sharp singlets near 3.59 ppm, confirming them as methoxyls added during methanolysis. The other three sharp singlets were confirmed as methyl porphynoid substituents by NOE studies of their proximity to the adjacent porphynoid methines (Scheme H).
[Scheme II shows dimethyl tunichlorin (2) and NOE data.] Thus, irradiation of the 3.48-and 3.14-ppm methyls showed NOE enhancement of the ,3 and a/8 protons, respectively, locating methyls on C-1, C-3, and C-5 as in chlorophyll a.
The 'H NMR spectrum of 2 also contains a quartet at 3.62 ppm (2 H) coupled to a triplet at 1.60 ppm (3 H), indicating an aryl ethyl substituent (Scheme I). With methyl groups at C-1, C-3, and C-5, the ethyl group should be at either C-2 or C-4; it was located at C4 by NOE studies (Scheme H). An asymmetrically substituted methylene was suggested by an AB quartet centered at 5.43 ppm (2 H, J = 12.5 Hz), which collapsed to a singlet (2 H) on hydrolysis to give 5. Coupling of this methylene to the adjacent hydroxyl proton was demonstrated by 'H NMR spectroscopy in deuteriodimethyl sulfoxide, confirming the hydroxymethyl functionality (Scheme I). Assignment ofthe hydroxymethyl unit to C-2 was made from its NOE enhancement of the a proton (Scheme II). 13 (11, 13) . Both isopropyl pheophorbide a and lO-hydroxypheophytin a were identified by their respective UV, 'H NMR, and mass spectral properties (10, 12) . Pyropheophytin a and 10-hydroxypheophorbide a were assigned tentative structures on the basis of UV, chromatographic, and mass spectral data and their similarity to authentic samples produced during the course of (spinach) chlorophyll a derivatization (11) Because T. solidum coexists with an algal symbiont (16) (17) (18) (19) , the possibility must be considered that tunichlorin is an algal rather than a tunicate pigment. Algal chlorophylls and other pigments have been examined in great detail (11, 17) , however, and no nickel porphynoid has previously been reported as an algal natural product. It seems unlikely, therefore, that tunichlorin is a primary algal product. It appears to be a tunicate-modified algal chlorophyll, and indeed tunicate utilization of algal products has been demonstrated for C02-derived photosynthesized molecules (18, 19) .
The identification of tunichlorin may represent an important step toward understanding the role of nickel in tunicate and animal metabolism. Many metals chelate more easily with porphynoids than does nickel, and vigorous synthetic conditions are usually necessary to facilitate nickel chelation in chlorins (12) , making serendipitous nickel incorporation in intact organisms highly unlikely. "Natural" nickel chelation with porphynoids has previously been reported only under "geological" conditions of high temperature and/or pressure (20) (21) (22) . Furthermore, there are no known nickel chlorin natural products other than tunichlorin, and only F430 (4, 7) has been identified as a nickel porphynoid natural product. Thus, tunichlorin is probably not a serendipitous porphynoid degradation product. Rather, it appears reasonable that tunichlorin has a specific metabolic function in tunicates. This conclusion is reached in spite of the remarkably low concentration of tunichlorin in the tunicate (10 -5%), which is apparently an order of magnitude lower than that of tunichrome B-1, already regarded (6) as strikingly low.
An extensive search for compounds related to tunichlorin in T. solidum extracts yielded only chlorophyll a and known chlorophyll a degradation products, including pheophytin and pheophorbide a. No tunichlorin phytyl ester, no tunichlorin analogues containing other metals, and no other chlorins with hydroxymethyl functionalities were found, suggesting that tunichlorin itself may be a biologically "functional" compound.
The occurrence of hydroxymethyl chlorin substituents is quite unusual and has apparently only been reported in one other chlorin natural product-acrylochlorin, an ironcontaining cofactor in the nitrate reductases of Pseudomonas aeruginosa (23, 24) . It is intriguing that F430, the only other known nickel porphynoid natural product, also plays a role in a reductive process-that is, in the final reduction of the methyl-sulfur bond in methylcoenzyme M to yield methane and the corresponding thiol (1, 4) . Tunichromes also take part in reductive processes (6) . By analogy to such reducing pigments, tunichlorin may be involved in a reductive process.
Two distinct algal symbionts of tunicates have been reported (16) (17) (18) (19) 25) . Blue-green algae (cyanophytes) produce chlorophyll a but not chlorophyll b (16) , and Prochlorons (obligate tryptophan auxotrophs) produce both chlorophylls a and b (17) (18) (19) 25) . The isolation of chlorophyll a, but not chlorophyll b, from T. solidum confirms that its associated alga is a cyanophyte rather than a Prochloron. Establishment of independent and combined laboratory cultures of T. solidum and its associated cyanophyte would allow detailed studies of the biosynthesis of tunichlorin and provide further insight into both nickel utilization by tunicates and algatunicate symbiosis.
